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The avor dependene of the naive time reversal odd (T-odd) parton distributions
for u- and d-quarks are explored in the spetator model. The avor dependene of h⊥1
is of signiane for the analysis of the azimuthal cos(2φ) asymmetries in unpolarized
SIDIS and DY-proesses, as well as for the overall physial understanding of the dis-
tribution of transversely polarized quarks in unpolarized nuleons. As a by-produt
of the formalism, we alulate the hiral-odd but T-even funtion h⊥1L whih enables
us to present a predition for the single spin asymmetry A
sin(2φ)
UL for a longitudinally
polarized target in SIDIS.
Naive time reversal-odd (T-odd) transverse momentum dependent (TMD) parton dis-
tributions (PDFs) have gained onsiderable attention in reent years. Theoretially they
an aount for non-trivial transverse spin and momentum orrelations suh as single spin
asymmetries (SSA) in hard sattering proesses when transverse momentum sales are on
the order of that of quarks in hadrons, namely PT ∼ k⊥ ≪
√
Q2. A prominent example is
the Sivers funtion f⊥1T [1℄ whih explains the observed SSA in semi-inlusive deep inelasti
sattering (SIDIS) for a transversely polarized proton target by the HERMES ollaboration
[2℄. It desribes orrelations of the intrinsi quark transverse momentum and the transverse
nuleon spin. The orresponding SSA on a deuteron target measured by COMPASS [3℄ van-
ishes, indiating a avor dependene of the Sivers funtion. Another leading twist T-odd
parton distribution, the hiral-odd Boer-Mulders funtion h⊥1 [4℄ orrelates the transverse
spin of a quark with its transverse momentum within the nuleon. We fous on the avor
dependene of these T-odd funtions where for example h⊥1 is important for the analysis
of the azimuthal cos(2φ) asymmetry in unpolarized SIDIS and Drell-Yan [5, 6℄. We also
onsider the avor dependene of the T-even funtion h⊥1L, whih is of interest in the
transverse momentum and quark spin orrelations in a longitudinally polarized target [7℄.
Considerable understanding of TMDs and fragmentation funtions (FF) have been gained
from model alulations using the spetator framework [8, 9, 5, 6, 10, 11℄.
In this formalism we start (f. [12℄) from the denition of the unintegrated olor gauge
invariant quark-quark orrelator whih ontains the gauge link indiated by the Wilson line,
W [a | b], and work in Feynman gauge in whih the transverseWilson line vanishes [13℄. In the
diquark model the sum over the omplete set of intermediate on-shell states in the denition
of the orrelator is represented by a single one-partile diquark state | dq; pdq, λ〉, where pdq
is the diquark momentum and λ its polarization. The diquark is built from two valene
quarks whih an be salar-spin 0 or axial vetor-spin 1. The unintegrated orrelator is then
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Figure 1: Dierent verties for the axial-vetor diquark and ontribution of the gauge link in the
one-gluon approximation.
given by
Φij(p;P, S) =
∑
λ
δ((P − p)2 −m2s)Θ(P 0 − p0)
(2π)3
〈P, S| ψ¯j(0)W [0 |∞, 0,~0T ] | dq; P − p, λ〉 ×
〈 dq; P − p, λ|W [∞, 0,~0T | 0]ψi(0) |P, S〉. (1)
The essene of the diquark spetator model is to alulate the matrix elements in Eq. (1)
by the introdution of eetive The nuleon-diquark-quark verties Υs(N) and Υ
µ
ax(N) are
represented in Fig. 1 (a). For example, the matrix element for the axial vetor diquark is
〈adq; P − p;λ|ψi(0) |P, S〉 = i gax(p
2)√
3
ε∗µ(P − p;λ)
[
(/p+mq)γ5
[
γµ −Rg PµM
]
u(P, S)
]
i
p2 −m2q + i0
, (2)
where the polarization vetor of the axial-vetor diquark is εµ, u(P, S) denotes the nuleon
spinor andM and mq are nuleon and quark masses, respetively. The unpolarized TMD f1
is obtained by inserting these expressions into Eq. (1) and projeting from the quark-quark
orrelator
f1(x, ~p
2
T ) =
1
4
∫
dp−
(
Tr
[
γ+Φ(p;P, S)
]
+Tr
[
γ+Φ(p;P,−S)]) ∣∣∣∣
p+=xP+
, (3)
We have also alulated the distribution of transversely polarized quarks in a longitudinally
polarized target, h⊥1L by replaing Γ
+
with Γ+ΓiΓ5 and S by SL, the spin 4-vetor in
longitudinal diretion. Their analyti expressions in the salar and axial vetor diquark
setors are given in [14℄.
In the spetator framework the T-odd TMDs [8℄ are generated by the gauge link [9, 5, 6℄.
The leading ontribution, arising from the interferene between tree- and box graph whih
ontains an imaginary part neessary for T-odds, is represented in Fig. 1 () in whih the
double line is an eikonal, and l is the loop momentum. For an axial-vetor diquark we model
the omposite nature of the diquark through an anomalous magneti moment κ [15℄. In the
notation of Fig. 1 (b) the gluon-diquark axial diquark vertex is
Γµν1ν2ax = −iedq [gν1ν2(p1 + p2)µ + (1 + κ) (gµν2(p2 + q)ν1 + gµν1(p1 − q)ν2)] . (4)
For κ = −2 the vertex Γax redues to the standard γWW -vertex. We express the matrix
elements inluding the gauge link, 〈dq; P − p|W [∞, 0,~0T | 0]ψi(0) |P, S〉 in the one gluon
approximation [14℄. Projeting the Boer-Mulders funtion,
ǫijT p
j
Th
⊥
1 (x, ~p
2
T ) =
M
4
∫
dp−
(
Tr
[
Φunpol(p, S)iσ
i+γ5
]
+Tr
[
Φunpol(p,−S)iσi+γ5
])
, (5)
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where ǫijT ≡ ǫ−+ij the axial-vetor diquark ontribution is given by the expression,
ǫijT p
j
Th
⊥,ax
1 (x, ~p
2
T ) = −
eqedq
8(2π)3
1
~p2T + m˜
2
M
P+
∫
d4l
(2π)4
{
1
3
gax
(
(l + p)2
)
g∗ax
(
p2
)×
Dρη(P − p− l)
(∑
λ
ε∗σ(P − p;λ)εµ(P − p;λ)
)
×
[gσρ v · (2P − 2p− l) + (1 + κ) (vσ (P − p+ l)ρ + vρ (P − p− 2l)σ)]
[l · v + i0] [l2 − λ2 + i0] [(l + p)2 −m2q + i0] ×
Tr
[
(/P +M)
(
γµ −RgP
µ
M
)
(/p−mq) γ+γi (/l+ /p+mq)
(
γη +Rg
P η
M
)
γ5
]}
+ h.c. . (6)
D(P −p− l) denotes the propagator of the axial-vetor diquark. Sine the numerator in Eq.
(6) ontains at most the loop momentum to the fourth power we an write it in the following
manner,
∑4
i=1N
(i)
α1...αi l
α1 ...lαi +N (0). The (real) oeients (tensors) N
(i)
α1...αi depend only
on external momenta and an be omputed in a straight-forward manner. The integration
over the light one omponents, l+ and l−, are easily performed; however, alulating the
l+-integral results in an integral that is potentially ill-dened. This happens when g(p2)
is a holomorphi funtion in p2 and at least one of the Minkowski indies is light-like in
the minus diretion, e.g. α1 = −, α2, ..., αi ∈ {+,⊥} resulting in an integral of the form∫
dl+ δ(l+)Θ(−l+), implying that l+ = 0 and l− = ∞. This signals the existene of a light
one divergene in Ref. [11℄.
One an handle the light one divergenes by introduing phenomenologial form fators
with additional poles [14℄,
gax(p
2) =
(p2 −m2q)f(p2)
[p2 − Λ2 + i0]n . (7)
For n ≥ 3 there are enough powers of l+ to eliminate this divergene. f(p2) is a ovariant
Gaussian [14℄ whih uts o the pT integrations and Λ is an arbitrary mass sale xed by
tting f1 to data. Similarly, the Sivers-funtion is projeted from the trae of the quark-
quark orrelator (1) (see e.g. [16℄),
2SiT ǫ
ij
T p
j
T f
⊥
1T (x, ~p
2
T ) =
M
2
∫
dp−
(
Tr
[
γ+Φ(p;P, ST )
]− Tr [γ+Φ(p;P,−ST )])
∣∣∣∣
p+=xP+
.
(8)
It is well-known [5℄ that in the salar diquark approximation the h⊥1 and f
⊥
1T oinide.
By ontrast the dierent Dira struture for the hiral even f⊥1T and hiral odd h
⊥
1 in the
axial-vetor diquark setor, Eq. (5) and (8) respetively, lead to dierent oeients in
the deomposition N
(i)
α1...αi [14℄. We x most of the model parameters suh as masses and
normalizations by omparing the model result for the unpolarized f1 for u and d quarks
to the low-sale (µ2 = 0.34GeV) data parameterization of GRV [17℄ see Fig. 2. Note that
PDFs for u and d quarks are given by linear ombinations of PDFs for an axial vetor and
salar diquark, u = 32f
sc + 12f
ax
and d = fax [12, 10℄. For T-odd PDFs we x the sign
and the strength of the nal state interations, the produt of the harges of the diquark
and quark, by omparing f⊥1T for u and d quarks in the diquark model with the existing
data parameterizations (see Ref. [18℄). The one-half moments q
(1/2)
T (where q = u, d) of
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Figure 2: The unpolarized up and down quark distributions funtions (left) versus x ompared to
the low sale parameterization of GRV [17℄. The half moment of the Sivers funtion (enter-left)
and Boer-Mulders funtion (enter-right) and the unpolarized up and down quark distributions
(κ = 1.0). The half-moment (left) and rst moments (right) of the Boer-Mulders and Sivers
funtions versus x tted to extrations from data were presented in Ref. [18℄
the Sivers and Boer-Mulders funtions
1
2
q
(1/2)
T (x) = f
⊥(q,1/2)
1T (x) =
∫
d2pT
|~pT |
2M
f
⊥(q)
1T (x, ~p
2
T ),
are displayed along with the unpolarized u and d quark distributions in Fig. 2. The one-
half and rst moments [14℄ of the up and down quark Sivers funtions are negative and
positive respetively while the up and down quark Boer-Mulders funtions are both negative
over the full range in Bjorken-x. We also note that the u-quark Sivers funtion and Boer-
Mulders funtion are nearly equal, even with the inlusion of the axial vetor spetator
diquark.
Having explored the avor dependene of the h⊥1 we are now in a position to extend early
phenomenologial work on T-odd ontributions to azimuthal asymmetries in SIDIS[6℄. We
onsider the spin independent double T-odd cos 2φ asymmetry for π+ and π− prodution.
We fous on the important ontributions to the ross setion for unpolarized SIDIS [16℄
dσ
dx dy dz dφh dP 2h⊥
≈ 2πα
2
xyQ2
[(
1− y + 1
2
y2
)
FUU,T + (1− y) cos(2φh)F cos 2φhUU
]
,
where the struture funtion F cos 2φhUU involves a onvolution of the Boer-Mulders and Collins
fragmentation funtion
F cos 2φhUU = C
[
−2hˆ · kT hˆ · pT − kT · pT
MMh
h⊥1 H
⊥
1
]
, (9)
C is the onvolution integral. Our input for the Collins funtions is based on reent work
in [19℄ where the Collins funtion was alulated in the spetator framework. It was assumed
that H
⊥(dis−fav)
1 ≈ −H⊥(fav)1 in the pion setor, thereby satisfying the Shaefer-Teryaev
sum rule [20℄ loally. We estimate the azimuthal asymmetry Acos 2φUU (f. Eq. (9)), where
Acos 2φUU ≡
∫
cos 2φ dσ/
∫
dσ. In Fig. 3 we display the Acos 2φUU (PT ) in the range of HERMES [2℄
and future JLAB kinematis [21℄ as well as x dependene in the range 0.5 < PT < 1.5 GeV/c.
Having alulated the hiral-odd but T-even parton distribution h⊥1L we use this result to-
gether with the result of Ref. [19℄ for the Collins funtion to give a predition for the sin(2φ)
single spin asymmetryAUL for a longitudinally polarized target. A deomposition into stru-
ture funtions of the ross setion of semi-inlusive DIS for a longitudinally polarized target
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Figure 3: The cos 2φ asymmetry for and pi± as a funtion of PT at JLAB 12GeV and HERMES
(enter) kinematis. Right: cos 2φ asymmetry for pi± as a funtion of x at JLAB 12GeV and
HERMES kinematis.
reads (see e.g. [16℄)
dσUL
dx dy dz dφh dP 2h⊥
≈ 2πα
2
xyQ2
S‖
[
(1 − y) sin(2φh)F sin(2φ)UL + (2− y)
√
1− y sin(φh)F sin φUL
]
,
(10)
S‖ is the projetion of the spin vetor on the diretion of the virtual photon. In a partoni
piture the struture funtion F
sin(2φ)
UL is a leading twist objet (while F
sinφ
UL is sub-leading)
and given by a onvolution of the TMD h⊥1L and the Collins funtion (f. [16℄)
F
sin(2φ)
UL = C
[
− 2hˆ · kT hˆ · pT − kT · pT
MMh
h⊥1LH
⊥
1
]
. (11)
We display the results for the single spin asymmetry A
sin(2φ)
UL in Fig. 4 using the kinematis of
the upoming JLab 12 GeV upgrade. We note that the π− asymmetry is large and positive
due to the model assumption H
⊥(dis−fav)
1 ≈ −H⊥(fav)1 . This asymmetry has been measured
at HERMES for longitudinally polarized protons [22℄ and deuterons [23℄. The data show that
for the proton target at HERMES 27.5 GeV kinematis both π+ and π− asymmetries are
onsistent with 0 down to a sensitivity of about 0.01. These asymmetries ould be non-zero,
but with magnitudes less than 0.01 or 0.02. These results are onsiderably smaller than
our preditions for the JLab upgrade. For the deuteron target the results are onsistent
with 0 for π+ and π−. This SIDIS data for polarized deuterons ould reet the near
anellation of u- and d-quark h⊥1L funtions and/or the large unfavored Collins funtion
ontributions. There is also CLAS preliminary data [24℄ at 5.7 GeV that shows slightly
negative asymmetries for π+ and π− and leads to the extration of a negative xh
⊥(u)
1L . This
suggests that the unfavored Collins funtion (for d → π+) is not ontributing muh. Data
from the upgrade should help resolve these phenomenologial questions.
We have performed alulations of transverse momentum dependent parton distributions,
inluding the Boer-Mulders funtion h⊥1 , the Sivers funtion f
⊥
1T along with h
⊥
1L in the
framework of an axial-vetor and a salar diquark spetator model. The alulation of these
funtions in both setors allowed us to explore their avor dependene, i.e. to ompute h⊥1 ,
f⊥1T and h
⊥
1L for a u-quark and a d-quark. We used these results along with the Collins
fragmentation funtion H⊥1 . to estimate the azimuthal asymmetries A
(cos(2φ))
UU and A
(sin(2φ))
UL
in SIDIS. In summary, a rened diquark spetator model, inluding axial vetor di-quarks
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Figure 4: Left Panel: The half-moment of xh
⊥(1/2)
1L versus x ompared to the unpolarized up and
down quark distribution funtions. Right Panel: The sin 2φ asymmetry for pi+ and pi− as a funtion
of x at JLAB 12GeV kinematis.
leads to both u- and d-quark T-odd TMDs and provides the ingredients for prediting a
range of asymmetries for future experiments.
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